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ABSTRACT 
 
Biodiesel is an alternative fuel for diesel engine.  It is made from non-toxic, 
biodegradable, renewable resources, such as vegetable oils, animal fats or triglycerides.  
The most common process used to produce biodiesel is the transesterification reaction, 
also known as alcoholysis.  In the transesterification reaction, triglycerides reacted with 
an alcohol to produce chemical compounds known as fatty acid alkyl esters (biodiesel).  
Glycerol is produced as the by-product in the transesterification reaction.  The high cost 
of raw material and the process costs make the production of biodiesel more expensive 
than the petroleum diesel fuel.  Transesterification reactions of pure corn oil and corn oil 
from Distiller’s Dry Grain and Solubles were done in a pressurized batch reactor using 
methanol and ethanol as the alcohol reactants.  Two different homogeneous catalysts 
(sodium methoxide and sodium hydroxide) and one heterogeneous catalyst (zinc 
aluminate) were tested to find the one that leads to the higher conversion of triglycerides 
to alkyl esters.  The higher conversion achieved was with pure corn oil and the 
homogeneous catalyst sodium methoxide.  A kinetic study was conducted to compare the 
initial reaction rates of methanol versus ethanol.  The study demonstrated that there is no 
significance difference of using ethanol instead of methanol as the transesterification 
alcohol.  Kinetic constants of triglycerides are smaller than kinetic constants of 
diglycerides and kinetic constants of diglycerides are smaller than kinetic constants of 
monoglycerides for both alcohols tested.  
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CHAPTER 1 
INTRODUCTION 
 
1.1. Introduction 
The use of biorenewable resources such as vegetable oils (VO) in diesel engines 
has been studied for many years.  Soybean oil (SBO), palm oil (PO) and rapeseed oil has 
been widely investigated (1-7), but corn oil has not been broadly investigated.  Pure corn 
oil is a VO with similar characteristics to SBO and PO.  Corn oil from Distillers’ Dry 
Grains and Solubles (DDGS) is a co-product obtained from the dry milling operation of 
corn.  DDGS is a fibrous residue that remains after the fermentation of corn to ethanol 
(EtOH) and contains approximately 25 wt. % of protein and residual oil (about 10 wt. %) 
(8). Commonly corn oil from DDGS is used as animal feed.  In this project, the corn oil 
from DDGS has been used as a way to maximize the products obtained from corn.  
DDGS oil can be divided into the carbohydrates part and the oil part; the carbohydrates 
can be fermented into EtOH, and the oil can be converted into biodiesel.  This corn oil 
from DDGS has different properties than pure corn oil or SBO.  The corn oil from DDGS 
has a high content of free fatty acids (FFA) and impurities.  In this research, corn oil from 
DDGS was converted to ethyl esters by the transesterification process in a batch reactor 
using EtOH as the transesterification alcohol.  EtOH was used because this alcohol is 
obtained as the product in a corn dry milling process and is readily available.  
 
1.2. Background 
The use of biorenewable resources has played an important role in the advances 
of the human society.  Grasses, cultivated grains, and fermented sugars were used to 
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provide power and as transportation fuels (8).  Biorenewable resources such as VO in 
diesel engines were used for many years.  The first attempt was made by Rudolph Diesel, 
the inventor of the diesel engine, but due to the rapid advances in the coal chemistry and 
the development of the fossil fuel technology (8), their use declined.  The transportation 
fuels obtained from fossil fuels have predominated.  The depletion of forests caused the 
declined of the bioenergy; consequently coal was used as the primary energy source (8).  
In recent years there has been an interest to return to the bioenergy and the use of 
biomass, because biomass is the only source of carbon that is renewable.  The main 
reasons for returning to a biobased economy are: 
• to improve the environmental quality and rural development (8) 
• because there is an agricultural production excess (8) 
• because the national security depends on the use of foreign fossil fuels (8)  
• and the reserves of petroleum are finite 
 
Researchers are attempting to obtain fuels from renewable biological resources.  
One of these alternative fuels is the use of alkyl esters of fatty acids (FA).  In order to 
consider the alkyl esters as a viable transportation fuel, they have to meet certain quality 
standards (9).  The alkyl esters that meet those transportation fuel standards are known as 
biodiesel (9).  Biodiesel is “a renewable diesel fuel (DF) substitute” (9), and is 
manufactured from VO, animal fats, and recycled cooking oils.  Biodiesel is made by the 
chemical combination of a triglyceride with an alcohol (9) and offers many advantages, 
such as:  
•  is obtained from a renewable source, therefore it has the potential to decrease the 
use of limited supplies of foreign oil (9) 
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• can be made in the United States from agricultural resources (9-10) 
• reduces our dependence on foreign oil, lowering the petroleum imports 
• is non-toxic, biodegradable and has shown properties similar to the petroleum-
based diesel (11) as shown in Table 1 
 
Table 1.  Properties of Biodiesel and Diesel fuel (12) 
Properties Diesel Rapeseed 
Methyl Ester 
Rapeseed 
Ethyl Ester 
Soybean 
Ethyl Ester 
Cetane Number 46 61.2 59.7 61 
Flash Point (°C) 67 180 185 144 
Cloud Point (°C) -5 -2 -2 7 
Boiling Point (°C) 191 347 273 142 
Viscosity (cs) @ 40 °C 2.98 5.65 6.1 5.78 
Sulfur (wt. %) 0.036 0.05 0.05 0.023 
Specific gravity 0.8495 0.8802 0.876 0.872 
Heat of Combustion (Btu/lb) 19,500 17,500 17,500 17,113 
 
• improves the environmental quality because burning it does not contribute to 
ozone depletion, does not increase the current net atmospheric levels of carbon 
dioxide (CO2), a greenhouse gas (5, 8) 
• reduce air pollution and public health risks (9) 
• reduces the emissions of particulate matter (PM) by 32%, carbon monoxide (CO) 
by 35%, and sulfur oxides (SOx) by 8% (9) 
• benefits the economy, because there will be no necessity to spend money on 
foreign imports of petroleum (9) 
• is more energy efficient, 3.2 units of fuel energy are obtained from biodiesel for 
every unit of fossil energy used to produce the fuel (9, 10) 
 
However, the high costs of raw materials, the process cost and the availability of 
oils and fats are current challenges in the production of biodiesel.  There are some 
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drawbacks associated with the use of biodiesel; “biodiesel contains 8% less energy per 
gallon than DF in United States, and 5.5% less energy per pound” (10).  The reason for 
these two differences is that biodiesel is partially oxygenated (10).  Table 2 shows the 
comparison of the energy content of biodiesel and DF.  Also with pure biodiesel (B100) 
the nitrogen oxide (NOx) emissions has been found to increase by 13.35 % (9, 10). 
Table 2. Energy Content of Biodiesel and Diesel No. 2 (10) 
Type Btu/lb Btu/gal 
Diesel No. 2 18,300 129,050 
Biodiesel (B100) 16,000 118,170 
 
 
1.3. Literature Review 
Recently, the use of organic materials from biological origin has become more 
attractive because they are renewable resources and because of its environmental 
benefits.  Biodiesel is one alternative fuel that is made of VO or fats, and has to meet the 
quality standard established by the American Society for Testing and Material (ASTM) in 
their form D6751.  The U.S. Department of Energy (DOE) has stated “that biodiesel is 
already covered in the statutory and proposed regulatory definitions of “alternative fuel” 
which refer to any “fuel, other than alcohol that is derived from biological materials” 
(13).  The main component of a VO or animal fat is the triglycerides (TG).  TG also 
known as triacylglycerols are uncharged esters of FA with glycerol (GL) (14).  TG are 
molecules in which the GL is esterified with three FA.   
 1.3.1. Production of Biodiesel 
 For the production of biodiesel three principal processes are commonly used (5).  
Direct use and blending are other ways in which biodiesel can be used (11).  
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  1.3.1.1. Direct use and blending 
The most common form of biodiesel used today is the blending of alkyl esters of 
VO with DF.  Dilution can also be done using a solvent or EtOH (15).  The most 
common is B20, which is a ratio of 80% conventional DF and 20% biodiesel.  Numerous 
reports have shown that significant emission reductions are achieved with these blends.  
Another advantage of the biodiesel blends is the simplicity of fuel preparation which only 
requires mixing of the components (16).  The blends are not recommended for long-term 
use in a direct injection diesel engine because they can cause severe injector nozzle 
coking and sticking (15). 
1.3.1.2. Pyrolysis or thermal cracking  
Pyrolysis is the chemical decomposition of organic materials by the application of 
thermal energy in the absence of oxygen with the aid of a catalyst (15).  Is a series of 
thermally driven chemical reactions that decompose organic compounds in the fuel (8).  
The first pyrolysis of VO was done trying to synthesize petroleum from VO (11).  The 
pyrolysis of fats has been investigated for many years, especially in places with a 
shortage of petroleum deposits (17).  Two common catalysts that are used in pyrolysis are 
SiO2 and Al2O3 (17).  Thermal cracking produces compounds such as: alkanes, alkenes, 
alkadienes, aromatics and carboxylic acids (15). The VO that are pyrolyzed give 
acceptable amounts of water, sulphur and sediment but unacceptable values for ash and 
carbon residue amounts (15). 
1.3.1.3. Microemulsions  
Microemulsions are the colloidal equilibrium dispersion of optically isotropic 
fluid microstructures with dimensions in the range of 1 to 150 nm (16).  These 
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dispersions are formed spontaneously from two immiscible liquids and are done using 
organic solvents (18).  Microemulsions are done to deal with the problem of the high 
viscosity of pure VO; they reduce the viscosity of VO with solvents such as simple 
alcohols (16).  Tests were done to find the performance of microemulsions on diesel 
engines; the results showed significant injector needle sticking, carbon deposits, 
incomplete combustion and increasing viscosity of lubricating oils (11). 
1.3.1.4. Transesterification or Alcoholysis  
Transesterification is done using VO, animal fats, or TG with an alcohol to form 
mono-alkyl esters of long chain fatty acids.  The main purposes of the transesterification 
process are to lower the viscosity of the VO, to decrease the carbon deposition in the 
engine, and to reduce air pollution (19).  Alcoholysis is a chemical process in which the 
GL group of a triglyceride is substituted by three molecules of alcohol; as a consequence 
three molecules of alkyl esters and one molecule of GL are formed as products (18).  The 
transesterification reaction uses a catalyst to improve the reaction rate and the yield of 
alkyl esters (11).  This reaction is shown in Figure 1. 
 
O 
 
 
 
 
 
 
 
 
Figure 1. Reaction of TG with alcohol to form alkyl esters (8) 
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The reaction occurs in three reversible steps (1) as shown in Figure 2.  TG are 
first reduced to diglycerides (DG); DG are reduced to monoglycerides (MG) and finally 
MG are converted to alkyl or FA esters (11).  In each step one mole of alkyl esters is 
formed for a total of three at the end of the reaction (1).  Because of the reversibility of 
the reaction an excess of alcohol is needed to shift the reaction to a high yield of alkyl 
esters.  The product is a two phase solution where the less dense phase is the alkyl esters 
and the denser phase consists of glycerin, the catalyst and any alcohol not consumed by 
the reaction. 
1
'
k
k
COORR  (DG) eDiglycerid ROH  (TG) deTriglyceri
1
4
++ ⇔  
2
'
k
k
COORR  (MG) ideMonoglycer ROH (DG) eDiglycerid
2
5
++ ⇔  
3
'
k
k
COORR  (GL) Glycerol ROH (MG) ideMonoglycer
3
6
++ ⇔  
 
Figure 2.  Stepwise reactions in the transesterification of TG (1) 
 
 1.3.2. Factors that affect the yield of fatty esters 
1.3.2.1. Type of catalyst  
There are three different types of catalysts that can be used for the 
transesterification process: homogeneous, heterogeneous and enzymes. 
• Homogeneous catalysts 
o Alkaline 
The most common alkalis used for the transesterification process are 
NaOH, KOH, carbonates and alkoxides such as NaOCH3 and NaOCH2CH3 (5).  The 
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alkali-catalyzed reaction is faster than the acid-catalyzed because of the higher catalytic 
activity (11, 19).  For the alkali-catalyzed reaction the VO and alcohols should not 
contain water because water facilitates a saponification reaction or formation of soap (5, 
11).  This formation of soap decreases the yield of alkyl esters. The soap consumes the 
catalyst, reduces the catalytic efficiency, causes an increase in the viscosity, and makes 
very difficult the separation of GL and alkyl esters (5). The most effective alkaline 
catalyst was found to be NaOCH3, because with NaOH a small amount of water is 
produced upon the mixing of the catalyst with MeOH (2, 5).  The use of NaOH is 
preferred because of the hazards involved using the sodium metal to produce NaOCH3 
(3).  Although the transesterification with alkaline catalysts give high conversions in 
short reaction times (5), there are some drawbacks such as being energy intensive, the 
difficult recovery of GL, alkaline waste water requires treatment, the catalyst needs to be 
separated from the product and FFA and water interfere with the reaction (5, 20). 
o Acidic 
The acid-catalyzed reaction is most suitable for oils with high content of 
FFA (21).  The Brownsted acids, preferably sulfuric, sulphonic and hydrochloric acids 
are used as acid catalysts (20).  The yield of alkyl esters is very high, but the reactions are 
slow and require temperatures above 100oC and more than 3 hours to complete the 
conversion (22). 
• Enzymes 
Enzymes that are used commonly for the transesterification process are 
extracellular and intracellular lipases (5).  With enzymes GL can be easily recovered, 
the FFA and fats can be converted completely to alkyl esters (18).  The conversion is 
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higher compared with other catalysts at the same reaction conditions (5).  The 
temperatures required are lower than when using homogeneous catalysts.  Although 
there are some advantages using enzymes, they are not commonly used because of their 
high cost and the problems associated with them.  They are very complex structures 
that require special care because they can be degraded by pH, heat or temperature, and 
organic solvents (18, 23).   
Table 3 shows a comparison between the conditions required for an alkali or an 
enzymatic catalyzed transesterification reaction.   
 
Table 3.  Comparison for the conditions needed for an alkali-catalyzed or enzymatic 
catalyzed reaction (11) 
Conditions Alkali-catalysis process Lipase-catalysis process 
Reaction temperature 60-70oC 30-40oC 
FFA in raw materials Saponified products Methyl esters 
Water in raw materials Interference with the reaction No influence 
Yield of methyl esters Normal Higher 
Recovery of GL Difficult Easy 
Purification of methyl esters Repeated washing None 
Production cost of catalyst Cheap Relatively expensive 
 
Because of the problems associated with the alkali catalysts and the disadvantages 
of the enzyme catalysts researchers are trying to develop a good and effective 
heterogeneous catalyst. 
• Heterogeneous catalysts 
A heterogeneous or solid catalyst simplifies the technological process 
because facilitates the separation of the post reaction mixture (24).  A solid catalyst 
would help by simplifying the removal of GL and the recuperation of the catalyst (7).  
A three phase system, oil-alcohol-catalyst is formed when using heterogeneous 
catalysts.  Because of diffusion problems this three phase system inhibits the reaction 
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(24).  In previous experiments testing heterogeneous catalysts it was found that the 
reaction proceeds at very low rates (24) because of mass transfer limitations.  In order 
to overcome this problem, one method is to try to incorporate basic functional groups 
onto stable supports with large surface areas, “which ensures the high dispersion of the 
catalytic active sites” (25). 
1.3.2.2. Molar ratio of alcohol to TG and type of alcohol 
The molar ratio of alcohol to TG is one of the most important variables in the 
yield of alkyl esters.  Because transesterification is an equilibrium reaction, an excess of 
alcohol is required to drive the reaction to the formation of products (20).  The excess of 
alcohol depends on the catalyst that is used in the reaction (11).  Commonly for alkaline 
catalyzed reactions a 100% excess of alcohol is used, 6 moles of alcohol per mole of TG 
(1); but for the acid-catalyzed reaction, 30 moles of alcohol are used per mole of TG (11).  
For an alkali-catalyzed reaction with 6 moles of alcohol and 1 mole of TG at 60oC the 
expected conversion of TG to methyl esters is 98% after 60 minutes.  A very high ratio of 
alcohol to oil should be avoided, because if this ratio is too large interferes in the 
separation of the glycerin by increasing the solubility (20).  If the GL remains in solution, 
it can help driving the equilibrium back to the reactants, decreasing the yield of alkyl 
esters (20). 
The type of alcohol used is also important, because when using short chain 
alcohols such as MeOH the oil is not miscible with the alcohol at ambient temperatures.  
A previous study showed that longer chain alcohols required longer reaction times if the 
same temperature is used (21).  The addition of every methylene (CH2) group doubles the 
reaction time (21).  Canacki et al. conducted reactions using SBO with MeOH and 
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H2SO4 as the catalyst; their mole ratio of MeOH to SBO was 6:1.  They showed that 
longer chain alcohols provided higher reaction rates when compared to methyl esters; the 
reason of obtaining higher conversion might be because the boiling point of the long 
chain alcohols is larger than MeOH allowing the reaction temperatures to be higher at 
ambient pressures (21).  The effect of increasing the temperature dominates the decrease 
in reaction rate (21). 
1.3.2.3. Degree of mixing  
The mixing of the alcohol and TG is an important variable that affects the yield of 
alkyl esters. The reaction rate is initially controlled by mass transfer (diffusion) and does 
not follow expected homogeneous kinetics (20, 26).  For alkali-catalyzed reactions the 
catalyst is originally dissolved in the alcohol.  The reaction involves two phases because 
the TG and the alcohol are not miscible at ambient temperature (11, 20, 26).  Mixing is 
very important to disperse the alcohol into the VO or TG in order to initiate the reaction 
(11).  Once the alcohol is dispersed into the VO the reaction takes place in the TG phase.  
Ma et al. studied the effect of mixing in the transesterification of beef tallow; without 
mixing no reaction was observed (27).  Mixing is used to increase the contact between 
the oil and the alcohol, to enhance mass transfer, and to facilitate the initiation of the 
reaction (20, 26, 28).  
1.3.2.4. Reaction time and reaction temperature 
The reaction time and the reaction temperature affect the yield of alkyl esters in 
the transesterification reaction of VO.  It is known that the conversion increases with an 
increase in the reaction time (11).  Previously, it was found that after a period of 60 
minutes the yield of methyl esters is approximately the same for different oils (11).  On 
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the other hand, the effect of the temperature depends on the oil that is used (11).  Longer 
chain alcohols allow higher reaction temperatures at ambient pressures (21).  Freedman et 
al. studied three different temperatures using homogeneous catalysts to see how the 
conversion of methyl esters was affected.  They found that after 60 minutes, using 
homogeneous catalysts the range of temperature for the better yields of alkyl esters is 
between 45 to 60 degrees Celsius at ambient pressures (2). 
1.3.2.5. Content of FFA and moisture 
The FFA content and moisture are very important parameters determining the 
viability of the transesterification reaction (20).  When using a base catalyst a value of 
3% or lower of FFA is needed in order to carry the reaction to completion (20).  The FFA 
content and moisture contributes to a saponification reaction (18).  Commonly for 
running reactions of VO that have high content of FFA, a two step process is needed (28).  
The first step is the esterification followed by the alkaline transesterification (28).  In the 
esterification step the FFA reacts with an alcohol to be converted to alkyl esters (20, 28).  
Then the transesterification reaction is completed using alkaline catalysts (20, 28).  
 
 1.3.3. Mechanisms of the transesterification reaction 
1.3.3.1. Mechanism of the transesterification reaction with an alkaline catalyst  
For the mechanism of the transesterification reaction involving an alkaline 
homogeneous catalyst the first step is the formation of an alkoxide nucleophile (19).  The 
alkoxide nucleophile attacks the carbonyl group of the TG to form a tetrahedral 
intermediate (11).  The anion of the alcohol (alkoxide ions) is regenerated from the 
reaction of the tetrahedral intermediate with the alcohol (11).  Then the species undergoes 
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a rearrangement where the alkyl ester is released from the backbone of the GL molecule 
as shown in Figure 3 (19).  At the end, the alkoxide ion that is formed on the backbone of 
the glycerin is then to form a hydroxyl group (OH) while regenerating the catalyst (19).  
The transesterification reaction will progress if alkoxide ions are present in the reaction 
solution (24).  The driving force for the transesterification reaction with hydroxides is the 
formation of alcoholates from alcohol and hydroxides, and the separation of an insoluble 
GL layer during the reaction that removes GL from the equilibrium (29). 
 
 
Figure 3.  Mechanism of the transesterification reaction with an alkaline catalyst (19) 
 
1.3.3.2. Mechanism of the transesterification reaction with an acid catalyst  
The protonation of the oxygen in the carbonyl carbon of the FA is the first step in 
the acid-catalyzed reaction (19).  The protonation of the oxygen increases the positive 
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charge of the carbonyl carbon which leads to a carbocation (19-20).  A tetrahedral 
intermediate is produced after the nucleophilic attack of the alcohol (20).  The tetrahedral 
intermediate eliminates GL of the backbone forming a new ester and regenerating the 
catalyst (20).  The mechanism of the acid-catalyzed reaction is shown in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Mechanism of the transesterification reaction with an acid catalyst (19) 
 
 
 1.3.4. Kinetics of the transesterification reaction 
In 1986, Freedman et al. studied the transesterification kinetics of SBO.  They 
used reaction engineering techniques with the aim of a computer program to obtain the 
order of the reaction (1).  With a 30:1 molar ratio of BuOH to SBO they found that the 
catalyzed transesterification reaction followed pseudo first-order kinetics (1).  At a 6:1 
mole ratio of MeOH to SBO they found that a second-order reaction with a shunt 
mechanism was the best fit instead of a pseudo first-order reaction (1).  The shunt 
reaction scheme includes the second-order reaction with a shunt mechanism (1).  The 
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shunt mechanism was explained as more than one molecule of an alcohol reacting in 
more than one place of the glycerides.  In 1997, Noureddini et al. conducted a kinetic 
study using SBO with MeOH.  They used an MLAB computer program to solve the 
differential equations for the TG, DG and MG (26).  They found that including the shunt 
mechanism used by Freedman to describe the transesterification kinetics of SBO was not 
necessary (26).  In 2000, Darnoko et al. investigated the kinetics of PO with MeOH using 
a 6:1 mole ratio of alcohol to TG.  They found that the best kinetic model to describe 
their data was a pseudo-second order kinetic for the first stages of the transesterification 
reaction followed by a first-order or zero-order model (6).  The pseudo second-order was 
obtained because of MeOH excess. 
 
1.4. Objective 
The overall objective of this project is to convert corn oil from DDGS into ethyl 
esters by the transesterification process using a batch reactor.  A comparison between the 
homogeneous catalysts NaOH and NaOCH3 was done.  A kinetic study of pure corn oil 
was conducted in order to investigate the reactions rates of using EtOH instead of MeOH.  
  
 16
References 
1. Freedman, B., R. O. Butterfield and E. H. Pryde, “Transesterification Kinetics of 
Soybean Oil”, J. Am. Oil Chem. Soc. 63: 1375-1380 (1986). 
 
2. Freedman, B., E. H. Pryde and T. L. Mounts, “Variables Affecting the Yields of Fatty 
Esters from Transesterified Vegetable Oils”, J. Am. Oil Chem Soc. 61: 1638-1643 
(1984). 
 
3. Boocock, D., S. Konar, V. Mao and S. Buligan, “Fast Formation of High-Purity 
Methyl Esters from Vegetable Oils”, J. Am. Oil Chem. Soc. 75: 1167-1171 (1998). 
 
4. Colucci, J. A, E. Borrero and F. Alape, “Biodiesel from an Alkaline Transesterification 
reaction of Soybean Oil using ultrasonic mixing”, J. Am. Oil Chem. Soc. 82: 525-530 
(2005). 
 
5. Fukuda, H., A. Kondo and H. Noda, “Biodiesel Fuel Production by Transesterification 
of Oils”, J. Bios. Bioeng. 92: 405-416 (2001).  
 
6. Darnoko, D. and M. Cheryan, “Kinetics of Palm Oil Transesterification in a Batch 
Reactor”, J. Am. Oil Chem. Soc. 77: 563-567 (2000). 
 
7. Peterson, G. and W. Scarrah, “Rapeseed Oil Transesterification by Heterogeneous 
Catalysis” J. Am. Oil Chem. Soc. 61: 1593-1597 (1984). 
 
8. Brown, R., “Biorenewable Resources: engineering new product from agriculture”, 
Iowa State Press. (2003). 
 
9. Sheehan, J., K. S. Tyson, J. Duffield, H. Shapouri, M. Graboski, V. Cambobreco, R. 
Conway, J. Ferrell and M. Voorhies, “Life Cycle Inventory of Biodiesel and Petroleum 
Diesel for Use in an Urban Bus” USDA and USDOE, (1998). 
 
10. U.S. Department of Energy, “Biodiesel Handling and Use Guidelines” 3rd ed., (2006). 
 
11. Ma, F. and M. A. Hanna, “Biodiesel Production: a review”, Biores. Tech. 70: 1-15 
(1999). 
 
12.  Pacific Biodiesel Inc., www.pacificbiodiesel.com retrieved on March 2007 
 
13. Ervin, C. A. Federal Register, 1995 (July 31), 60, 38976-38977 
 
14. Berg, J., J. L. Tymoczko and L. Stryer, “Biochemistry”, 6th ed. W.H. Freeman and 
Co., New York, p. 617 (2007) 
 
15. Srivastava, A. and R. Prasad, “Triglycerides-based diesel fuels” Renewable and 
Sustainable Energy Reviews 4:  111-133 (2000). 
 
  
 17
16. Knothe, G., R. O. Dunn and M. O. Bagby, “Biodiesel: The Use of Vegetable Oils and 
Their Derivatives as Alternative Diesel Fuels”, Oil Chemical Research, National Center 
for Agricultural Utilization Research, Agricultural Research Service, U.S. Department of 
Agriculture, Peoria, IL. 
 
17. Khan, A. K., “Kinetics and Catalysis Development”, Master Thesis, University of 
Queensland, Australia p.6 (2002). 
 
18. Ma, F., “Biodiesel Fuel: The transesterification of beef tallow”, PhD Dissertation, 
University of Nebraska – Lincoln. P. 1 (1998)  
 
19. Mbaraka, I. and B. Shanks, “Conversion of Oils and Fats Using Advanced 
Mesoporous Heterogeneous Catalysts” J. Am. Oil Chem. Soc. 83: 79-91 (2006). 
 
20. Meher, L., D. Sagar and S. Naik, “Technical aspects of biodiesel production by 
transesterification–a review” Ren. and Sustainable Energy Reviews 10:  248-268 (2006) 
 
21. Canacki, M. and J. Gerpen, “Biodiesel production via acid catalysis”, Am. Soc. Ag. 
Eng. 42: 503-510 (1999). 
 
22. Schuchardt, U., R. Sercheli and R. Vargas, “Transesterification of Vegetable Oils: a 
review”, J. Braz. Chem. Soc. 9: 199-210 (1998). 
 
23. Moore, .N., E. Katz, I. Willner, and G. Tao, “Electrocatalytic reduction of organic 
peroxides in organic solvents by microperoxidase-11 immobilized as a monolayer on a 
gold electrode”, J. Electroanal. Chem. 417:  189-192 (1996). 
 
24. Gryglewiez, S., “Rapeseed oil methyl esters preparation using heterogeneous 
catalyst”, Biores. Tech. 70: 249-253 (1999). 
 
25. Mbaraka, I., K. McGuire and B. Shanks, “Acidic Mesoporous Silica for the Catalytic 
Conversion of Fatty Acids in Beef Tallow”, Ind. Eng. Chem. Res. 45: 3022-3028 (2006). 
 
26. Noureddini, H. and D. Zhu, “Kinetics of Transesterification of Soybean Oil”, J. Am. 
Oil Chem. Soc. 74: 1457-1463. 
 
27. Ma, F., L. Clements and M. Hanna, “The effect of mixing on transesterification of 
beef tallow”, Biores. Tech. 69: 289-293 (1999).  
 
28. Ramadhas, A. S., S. Jayaraj and C. Muraleedharan, “Biodiesel production from FFA 
rubber seed oil”, Fuel 84: 335-340 (2005). 
 
29. Stevens, C. V. and R. Verhé, “Renewable BioResources: Scope and Modification for 
Non-food Applications”, John Wiley & Sons, pp. 208-250 (2004).  
  
 18
CHAPTER 2 
KINETIC STUDY OF PURE CORN OIL WITH METHANOL AND ETHANOL 
 
2.1. Introduction 
The use of biorenewable resources such as biodiesel as an alternative fuel for diesel 
engines has been increasing in recent years.  This has been important because the 
petroleum reserves are finites and to minimize our dependency on foreign oil.  Soybean 
oil (SBO), Palm Oil (PO) and rapeseed oil had been widely investigated (1-4), but corn 
oil has not been extensively investigated.  Pure corn oil is a vegetable oil with similar 
characteristics than SBO and PO.  Pure corn oil was converted to methyl and ethyl esters 
by the transesterification process in a batch reactor using methanol (MeOH) or ethanol 
(EtOH) as the transesterification alcohols.  An investigation of how the reaction rates of 
EtOH compared with MeOH was done.  It is intended to use EtOH as the 
transesterification alcohol because this alcohol is obtained as the product in a corn dry 
milling process. 
Corn oil from Distillers’ Dry Grains and Solubles (DDGS) is a co-product obtained 
from the dry milling operation of corn.  DDGS oil is a fibrous residue that remains after 
the fermentation of corn to EtOH and contains approximately 25 wt. % of protein and 
about 10 wt. % of residual oil (5).  The DDGS oil can be divided in two parts: the 
carbohydrates and the oil.  As a way to maximize the products obtained from corn and 
agriculture, the residual oil in DDGS can be converted into ethyl esters or biodiesel.  
Corn oil from DDGS has different properties than pure corn oil or SBO; it has a high 
content of free fatty acids (FFA) and impurities.   
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Biodiesel is defined as fatty acid alkyl esters that are prepared from vegetable oils 
(VO), animal fats, waste material or used grease (1).  Three principal processes are 
commonly used for the production of biodiesel: pyrolysis, micro-emulsification, and 
transesterification (3).  Pyrolysis or thermal cracking is a series of thermally driven 
chemical reactions that decompose organic compounds in the fuel (5).  Microemulsion is 
the colloidal equilibrium dispersion formed spontaneously from two immiscible liquids 
and is done with organic solvents (4). Transesterification, also known as alcoholysis, is a 
chemical reaction where VO, animal fats, or triglycerides (TG) react with alcohol to form 
mono-alkyl esters of long chain fatty acids.  The main purposes of the transesterification 
process are to lower the viscosity of the VO, to decrease the carbon deposition in the 
engine, and to reduce air pollution (6).  The main process used today is the 
transesterification.  
Transesterification is a chemical process in which the glycerol (GL) group of a 
triglyceride is substituted by three molecules of alcohol; as a consequence three 
molecules of alkyl esters and one molecule of GL are formed as products (7). The 
transesterification reaction uses a catalyst to improve the reaction rate and the yield of 
alkyl esters (8).  This reaction is shown in Figure 5. 
 
Figure 5.  Overall transesterification reaction of triglycerides with alcohol (5) 
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The reaction occurs in three reversible steps (1).  Diglycerides (DG) and 
Monoglycerides (MG) are formed as the intermediates of the reaction as shown in Figure 
6.  Because of the reversibility of the reaction an excess of alcohol is needed to shift the 
reaction to a high yield of alkyl esters.  The product is a two phase solution where the less 
dense phase is the biodiesel and the denser phase consists of GL, the catalyst and any 
alcohol not consumed by the reaction. 
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Figure 6. Stepwise transesterification reactions (1) 
 
The factors affecting the transesterification process had been widely investigated.  
The most important variables affecting this process are the type of catalyst, the molar 
ratio of alcohol to oil, degree of mixing, reaction time and reaction temperature, content 
of FFA and moisture (2-3, 8-9). 
Considerable research has been done on the kinetics using VO for the production of 
biodiesel.  A previous kinetic study using VO has shown that the reaction is generally 
second order for the initial reaction rates when a 6:1 molar ratio of alcohol to oil is used 
(4).  However no one has done a kinetic study to compare the kinetics parameters of 
EtOH versus MeOH. 
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In this study the effect of using EtOH on the kinetics of the transesterification of corn 
oil was investigated.  A comparison of the initial reaction rates and the kinetics 
parameters of the transesterification reaction of corn oil with MeOH and EtOH was done.  
This kinetic study was done in order to determinate the advantages or disadvantages of 
using EtOH instead of MeOH as the transesterification alcohol.  The molar ratio of 
alcohol to Fatty Acids, the concentration of catalyst, and the mixing speed were kept 
constant.  Kinetic data of the initial reaction rates was collected at 6 different temperature 
levels.  The reaction constants and the activation energies were determined for all the 
forward reactions. 
 
2.2. Experimental Procedures 
2.2.1. Materials  
Refined corn oil of edible grade purchased from Cubs Foods Stores, Ames, IA, USA, 
MeOH of 99.9% purity purchased from Fisher Scientific Co., USA and EtOH (200 
degrees proof) purchased from Chem Stores at Iowa State University, Ames, IA, USA.  
Sodium hydroxide (NaOH) and n-heptane of analytical grade were purchased from Fisher 
Scientific Co., USA.  Reference standards: triolein, diolein, monoolein, glycerol and the 
two internal standards: butanetriol, and tricaprin of >99% purity were purchased from 
Fisher Scientific Co., USA. N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) of 
derivatization grade was obtained from Sigma-Aldrich Chemical Co., USA. 
2.2.2. Experimental conditions 
The experimental assembly used for the transesterification reactions consisted of an 
autoclave 100 ml high-pressure batch reactor, Series 4565 Bench Top Mini Reactor (Parr 
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Instrument Co., USA).  The reactor is equipped with a mechanical stirrer and a sampling 
valve.  The reaction vessel was kept at constant temperature with the aid of a temperature 
controller included in the reactor.  The mixer speed was kept constant through all the 
experiments. A 14:1 molar ratio of alcohol to oil was used in all the experiments. 
Reactions were done at 6 different temperatures (45-70oC) to determine the activation 
energies and the kinetic constants.  
2.2.2.1. Procedures 
Corn oil was weighed directly into the reactor chamber.  The catalyst, NaOH 
(0.3% by weight of corn oil) was weighed in an Erlenmeyer flask with the alcohol used 
(MeOH or EtOH).  The mixture of alcohol and catalyst was stirred and mixed until the 
catalyst was completely dissolved.  The catalyst/alcohol solution was added to the reactor 
vessel.  The reactor was pressurized to prevent the loss of alcohol by evaporation.  The 
heater was turned on, and the mixer speed was fixed at 800 rpm, because from previous 
experiments that were done it was found to be the best.  Samples were collected after 1 
minute of reaction, and every 5 minutes during 30 minutes to see how the corn oil was 
converted to alkyl esters.   
2.2.2.2. Analysis 
The samples were analyzed for TG, DG, MG, and GL by Gas Chromatography 
(GC) using the Test Number D-6584-00 provided by the ASTM.  The instrument used 
was a Varian CP 3800 GC/MS equipped with a flame ionization detector, a split/splitless 
injection system and a Varian Star Workstation.  The column was Factor Four Capillary 
Column VF- 5ht, 15 m x 0.32 mm (Varian, Inc.).  The carrier gas was Helium at 3 
mL/min measured at 50oC.  The detector temperature was 380oC.  The oven temperature 
  
 23
started at 50oC, it was increased to 180oC at a rate of 15oC/min, and then it was increased 
to 230oC at a rate of 7oC/min and finally increased to 380oC at a rate of 30oC/min.  The 
oven temperature was then held at 380oC for 10 minutes.  
2.3. Results and Discussion 
2.3.1. Reaction Rates 
Initial reaction rates for a transesterification reaction using corn oil with MeOH or 
EtOH were studied.  Figure 7 shows the consumption of MG, DG, and TG for the 
complete reaction.  The temperature was 70oC, a 14:1 mole ratio of EtOH to oil and the 
catalyst was NaOH (0.3 wt % based on corn oil with sodium methoxide).  Data for the 
others reactions at the 6 different temperatures tested as well as the reactions using 
MeOH followed the same trend. 
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Figure 7. Concentration of the glycerides during the transesterification reaction of pure corn oil 
with EtOH at 70oC with a 14:1 molar ratio of alcohol to oil and NaOH as the catalyst. 
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Figure 8 shows the production of methyl and ethyl esters for the complete reaction.  
The production of esters was rapid with a 72.8 % formed in the first minute using MeOH 
while 66.6% formed using EtOH at 60oC.  Darnoko et al. and Freedman et al., both 
reported a rapid production of methyl esters in the first minute of reaction.   
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Figure 8. Production of ethyl and methyl esters during the transesterification reaction of pure corn 
oil at 60oC with a 14:1 molar ratio of alcohol to oil and NaOH as the catalyst. 
 
 
2.3.2. Effect of temperature 
The effect of temperature on the transesterification reactions of pure corn oil with 
MeOH and EtOH was studied using NaOH as the catalyst.  Six different temperatures 
were studied as shown in Figures 9 and 10.  For the transesterification reactions using 
MeOH the temperatures had a small effect on the conversion of pure corn oil to methyl 
esters as shown in Figure 9.  The increase of the temperature increased the conversion by 
approximately 2%.  In the case of using EtOH as the transesterification alcohol the 
increase in temperature increased the conversion by approximately 13% as shown in 
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Figure 10.  Longer chain alcohols such as EtOH allow higher temperatures because the 
boiling point of EtOH is higher than the boiling point of MeOH. 
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Figure 9. Conversion of methyl esters as a function of time for the reactions of pure corn oil 
with a 14:1 molar ratio of alcohol to oil and NaOH as the catalyst. 
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Figure 10. Conversion of ethyl esters as a function of time for the reactions of pure corn oil with a 
14:1 molar ratio of alcohol to oil and NaOH as the catalyst. 
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2.3.3. Kinetic Study  
For the initial reaction rates of the transesterification reaction a pseudo second-order 
reaction rate was previously determined by Darnoko et al. (10).  The pseudo second-order 
was assumed because the alcohol was in excess.  The initial reaction rate of TG was used.  
The equation obtained for a pseudo second-order reaction rate for TG is shown in 
equation 1.   
tk
TGTG TG
=−
0][
1
][
1   [1] 
Where kTG is the pseudo rate constant, [TG] is the Triglycerides concentration, and 
[TG]0 is the initial concentration of Triglycerides 
A plot of 1/[TG] vs. time, should be a straight line for the reaction to be a second-
order with slope of k1 and an intercept of 1/[TG]0.  Figure 11 shows the plots at the 6 
different temperatures studied for the transesterification reaction of pure corn oil with 
EtOH using NaOH as the catalyst.   
The differential equation used to obtain the reaction constant for DG is shown below 
in equation 2.  This differential equation was solved numerically to obtain the constants 
for DG.  Similar procedure was done to obtain the reaction constant for MG. 
22 ][][][ DGkTGk
dt
DGd
DGTG −=   [2] 
Where kTG and kDG are the pseudo rate constants for TG and DG, [TG] is the 
triglycerides concentration, and [DG] is the diglycerides concentration. 
Table 4 shows the values obtained for the forward kinetic constants at the 6 different 
temperatures studied.  Reaction constants were increasing with an increase in the 
temperature for both alcohols.  Reaction constants for TG are smaller than reaction 
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constants for DG and reaction constants for DG are smaller than reaction constants for 
MG.  All the reaction constants along with the Arrhenius equation were used to calculate 
the activation energies for MG, DG, and TG for both alcohols.  The values obtained for 
the kinetic constants for TG, DG and MG are smaller when EtOH was used.  The kinetic 
constants for TG are one order of magnitude smaller with EtOH.  This might be because 
the reaction rates of EtOH are slower than the reaction rates of MeOH for reactions. 
 Table 4. Reaction constants (k) in (% molar-min)-1 for Triglycerides (TG), Diglycerides 
(DG) and Monoglycerides (MG) at 6 different temperatures. 
kTG 
(%molar-min)-1   
kDG 
(%molar-min)-1
kMG 
(%molar-min)-1
Temperature 
(oC) 
 MeOH EtOH MeOH EtOH MeOH EtOH 
45 0.031 0.0053 3.1 2.6 9.1 3.1 
50 0.057 0.0063 4.2 2.99 11 4.2 
55 0.075 0.0067 5.2 3.2 11 5.2 
60 0.11 0.017 7.5 8.1 17 7.5 
65 0.15 0.025 12 11.9 18 12 
70 0.18 0.025 14 12.7 19 14 
 
R2 = 0.9874
R2 = 0.9805
R2 = 0.9932
R2 = 0.9621
R2 = 0.9686
R2 = 0.9768
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Figure 11. Plots of the pseudo second order reaction model at the 6 different temperatures studied 
for the transesterification reaction of pure corn oil with a 14:1 molar ratio of EtOH to corn oil and 
NaOH as the catalyst. 
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The Arrhenius equation expressed in a linear form is shown in equation 3: 
RT
E -Alnkln a=   [3] 
Where: k = rate constant,   A = Arrhenius constant,    Ea = activation energy,   
R = universal gas constant and T = absolute temperature (K) 
 
A plot of ln k vs. 1/T gives a straight line with a slope of –Ea/R and an intercept of    
ln A.  The plot for the activation energies for MG, DG and TG using EtOH is shown in 
Figure 12.   
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Figure 12. Plot of the reaction constants vs. the inverse of the temperature for the 
transesterification reactions using EtOH.  
 
 
Table 5 shows values for the activation energy for EtOH and MeOH.  Our values 
for the activation energies of TG using MeOH are within the range of the ones obtained 
by Darnoko et al. and Noureddini et al.   
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Table 5. Arrhenius activation energy Ea in kcal/mol for Triglycerides (TG), Diglycerides 
(DG) and Monoglycerides (MG) for MeOH and EtOH. 
Alcohol 
Ea,TG 
(kcal/mol) 
 
R2   Ea,DG (kcal/mol) 
 
R2 Ea,MG (kcal/mol) 
 
R2
MeOH 15.0 0.9782 13.9 0.9838 6.7 0.9236 
EtOH 15.9 0.8986 16.4 0.901 7.3 0.8650 
 
The values obtained for the activation energies of TG, DG and MG using MeOH 
and EtOH are very close to each other.   
 
 In conclusion, the formation of the ethyl and methyl esters was very rapid in the 
first minute of reaction, then diminished and reached equilibrium at approximately 30 
minutes.  The temperature had a large effect on the transesterification of corn oil with 
EtOH.  For the initial reaction rates using EtOH, longer reaction time was required when 
the same temperature than MeOH was used in the transesterification reactions.  A higher 
temperature is required to achieve a similar conversion when EtOH is used as the 
transesterification alcohol if the same reaction time than MeOH is intended to be used.  
The values obtained for all the kinetic constants increased with an increase in the reaction 
temperature as expected from Arrhenius.   
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CHAPTER 3 
TRANSESTERIFICATION OF PURE CORN OIL AND CORN OIL FROM DDGS 
WITH HOMOGENEOUS CATALYSTS  
3.1. Introduction 
 Pure corn oil and corn oil from DDGS were used as the TG for the transesterification 
process in a batch reactor.  MeOH and EtOH were used as the transesterification alcohols 
for the formation of the alkyl esters studied in this project.  In this Chapter, factors such 
as miscibility and mass transfer were addressed in order to compare the formation of 
methyl versus ethyl esters.  The complete reaction rates were analyzed and compared 
using two different homogeneous catalysts (NaOH and NaOCH3).  No initial kinetics or 
reaction rates were studied with a large alcohol excess.  The excess of alcohol used was 
the one suggested in the literature; a 100% excess or a 6:1 mole ratio of alcohol to TG or 
VO (1). 
 
3.2. Pure Corn Oil  
3.2.1. Experimental procedure for running reactions with pure corn oil 
The transesterification reaction in a batch reactor using homogeneous catalysts was 
used to produce the alkyl esters studied in this project.  Pure corn oil of food grade was 
converted to alkyl esters using this process.  The experimental assembly consisted of an 
autoclave 100 ml high-pressure batch reactor, Series 4565 Bench Top Mini Reactor (Parr 
Instrument Co., USA).  The reactor is equipped with a mechanical stirrer and a sampling 
valve.  The reaction chamber was kept at constant temperature with a temperature 
controller included in the reactor.   
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For running the reactions, corn oil was weighed directly into the reactor chamber.  
The catalyst (0.3% by weight of corn oil) was weighed in an Erlenmeyer flask with the 
alcohol used (MeOH or EtOH).  The solution of alcohol and catalyst was stirred and 
mixed until the catalyst was completely dissolved.  The catalyst/alcohol solution was 
added to the reactor vessel.  The reactor was pressurized to prevent any loss of alcohol by 
evaporation.  The heater was turned on, and the mixer speed was fixed at 800 rpm.  
Samples were collected every 1, 5, 10, 15, 20, 25, 30, 45, and 60 minutes using 0.5M HCl 
to stop the reaction neutralizing the catalyst.  The alkyl esters were in the top phase of the 
sample.  The top phase was then washed with water to remove any alcohol or catalyst 
present in this phase as well as some GL.  The next figure shows a diagram of the steps 
involved in a typical biodiesel production. 
 
Figure 13. Scheme of the conversion of TG to Alkyl esters and GL 
3.2.2. Analyzing the samples 
The samples were analyzed by Gas Chromatography (GC) using the Test Number D-
6584-00 provided by the ASTM.  The GC used was a Varian CP 3800 GC/MS equipped 
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with a flame ionization detector, a split/splitless injection system and a Varian Star 
Workstation.  The column was Factor Four Capillary Column VF- 5ht, 15 m x 0.32 mm 
(Varian).  The carrier gas was Helium at 3 mL/min.  The detector temperature was 380oC.  
The gas chromatographic method permits the simultaneous determination of GL, MG, 
DG, and TG.  The GC works by identifying the peaks formed by comparing the retention 
time of those peaks to the internal standards butanetriol and tricaprin.  This test method 
allows calculating the mass percentage of MG, DG, TG and GL that are present in each 
sample.  The mass percentages of MG, DG and TG that were presented in pure corn oil 
were calculated in order to calculate how much TG, were converted to alkyl esters.  The 
conversions were calculated with the mass percentages obtained for each sample. 
3.2.3. Results for the transesterification reactions of pure corn oil 
Two different homogeneous catalysts (NaOH and NaOCH3) were tested to see 
which one leads to higher conversion of pure corn oil to alkyl esters.  EtOH and MeOH 
were used as alcohol reactants.  NaOCH3 was also used with EtOH because the 
formation of methyl esters from EtOH and pure corn oil was less than 1% by weight, and 
had not effect on the quantification of the overall conversion.  From past experiments it 
was found that the catalyst that gives the highest conversion is NaOCH3.  This result was 
consistent with the literature because researchers found that with NaOCH3 the overall 
conversion is greater than with NaOH because the OH is not present (1).  It is known that 
reactions using EtOH are slower than those using MeOH; and our data agreed with that.  
We found that in reactions using EtOH the conversion of corn oil to ethyl esters was 10% 
less for the first 20 minutes than when MeOH was used.  On the other hand, after 60 
minutes the maximum conversion obtained for EtOH was 93.6% while for MeOH was 
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96.0%, these two conversions are of the same magnitude.  Tables 6 and 7 show the 
results obtained for the conversions of TG to alkyl esters using NaOCH3 as the catalyst 
with EtOH and MeOH.  The conditions for all the reactions were 60oC and 800 rpm. 
 
Table 6.  Reaction of pure corn oil with MeOH and NaOCH3 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
20 7.13 1.59 13.52 22.24 76.8 
40 6.68 1.44 9.7 17.82 81.4 
60 2.79 0.11 0.89 3.79 96.0 
 
Table 7.  Reaction of pure corn oil with EtOH and NaOCH3 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
20 9.63 6.22 14.49 30.34 68.4 
40 6.94 4.43 5.8 17.17 82.1 
60 3.51 1.32 1.37 6.19 93.6 
 
When NaOH was used as the catalyst the maximum conversions obtained after 60 
minutes of reaction for EtOH and MeOH were 84.7 % and 79.8% respectively.  Tables 8 
and 9 show the results obtained when NaOH was used as the catalyst with MeOH and 
EtOH at 60oC and 800 rpm. 
 
Table 8.  Reaction of pure corn oil with MeOH and NaOH 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
20 4.91 1.54 24.79 31.24 67.4 
40 5.05 1.87 24.08 31.00 67.7 
60 2.78 0.56 15.99 19.33 79.8 
 
Table 9.  Reaction of pure corn oil with EtOH and NaOH 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
20 11.68 2.7 22.25 36.63 61.8 
40 5.69 2.55 22.17 30.41 68.3 
60 1.06 3.56 10.08 14.7 84.7 
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Figure 14 shows a comparison of the conversions of pure corn oil as a function of 
time when NaOH and NaOCH3 were used as the catalysts with EtOH or MeOH as the 
transesterification alcohols.  All the reactions followed the same trend.  In the first 20 
minutes of reaction most of the TG were converted to alkyl esters.  During this first 20 
minutes of reaction the conversions were above 60% for all reactions.  After 60 minutes 
the highest conversions achieved were both with NaOCH3. The highest achieved was 
with MeOH followed by the one using EtOH.  On the other hand, the lowest conversions 
achieved after 60 minutes were with NaOH. 
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Figure 14.  Conversion of pure corn oil to alkyl esters using NaOH and NaOCH3 with MeOH or 
EtOH. 
 
 The next figure shows the effect of the mixer speed on the transesterification 
reaction of corn oil with EtOH using NaOH as the catalyst.  The conversion of pure corn 
oil to ethyl esters increased with an increase in the mixer speed.  The best mixer speed 
was found to be 800 rpm.  After 60 minutes of reaction at 60oC and 800 rpm the 
conversion of corn oil to alkyl esters was 90.9 % compared with 69.6 at 500 rpm using 
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the same reaction conditions.  The conversions increased by approximately 20% when 
the 800 rpm were used instead of 500 rpm.   
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Figure 15. Conversion of pure corn oil to ethyl esters as a function of time for three different 
mixer speeds at 60oC using NaOH as the catalyst. 
 
3.3. Corn Oil from DDGS 
3.3.1. Experimental Procedure for running reactions with corn oil from DDGS 
For running reactions with corn oil from DDGS three different steps are needed in 
order to have a higher conversion of TG to alkyl esters.  This oil has approximately 11% 
by weight of FFA and some solid impurities, mainly proteins.  The next flowchart shows 
the different steps that were used in this project for the transesterification reactions of 
corn oil from DDGS to alkyl esters.  Three set of reactions were done to check how the 
impurities and FFA affects the yield of alkyl esters.  
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Figure 16.  Scheme of the steps needed for the transesterification of corn oil from DDGS  
 
3.3.1.1. Transesterification reaction of corn oil from DDGS 
Corn oil from DDGS was weighed directly into the reactor chamber.  The 
catalyst, NaOCH3 was weighed on an Erlenmeyer flask with the alcohol used (MeOH or 
EtOH).  The solution of NaOCH3 in the alcohol was stirred and mixed until the catalyst 
was completely dissolved.  This solution was added to the reactor vessel.  The reactor 
was pressurized to prevent the loss of any alcohol by evaporation.  The heater was turned 
on, and the mixer speed was fixed at 800 rpm.  For EtOH, samples were collected every 
20 minutes during 100 minutes while for MeOH, samples were collected every 20 
minutes during an hour using 0.5M HCl to stop the reaction neutralizing the catalyst.  
The top phase of the sample, where the alkyl esters were present was washed with water 
to remove any alcohol or catalyst present in this phase as well as some GL. 
3.3.1.2. Pretreatment for the impurities of the corn oil from DDGS 
Corn oil from DDGS was pretreated with Trisyl 300 silica powder to remove the 
impurities from this oil that can deactivate the catalyst.  The silica powder was described 
previously in the literature as the best pretreatment for the impurities, but it did not affect 
the FFA content of the oil (2).  For the pretreatment, Trisyl 300 silica powder 0.3 wt. % 
of the corn oil and water 0.5 wt. % of the corn oil were used (3).  The silica powder and 
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water were added to the oil and heated to 80oC for 30 minutes while mixing vigorously.  
The pretreated oil was filtered using Whatman filter paper No. 41, and then dried at 95oC 
in a vacuum oven for 2 hours. 
3.3.1.3. Pretreatment for the FFA of the corn oil from DDGS 
The pretreatment step is known as an esterification process.  Sulfuric acid 
(H2SO4) was used to reduce the content of FFA of the corn oil from DDGS.  H2SO4 
reacts with the alcohol and the FFA of the oil producing alkyl esters.  MeOH or EtOH, 20 
wt. % of the corn oil and H2SO4 , 5 wt. % of the FFA were used.  Corn oil from DDGS 
was weighed on an Erlenmeyer flask.  The H2SO4 was weighed on a beaker and then 
mixed with MeOH or EtOH.  The solution was added to the corn oil on the Erlenmeyer 
flask.  The reaction solution (EtOH or MeOH, H2SO4, and DDGS oil) was placed on a 
hot plate at 120oC and 400 rpm for 2 hours.  The top phase was washed with water to 
remove some of the alcohol remaining on that phase, and then dried in the vacuum oven 
at 100oC for 150 minutes.  
3.3.2. Analyzing the samples 
The samples were analyzed by GC using the same procedure for pure corn oil 
previously described in this Chapter. 
3.3.3. Results for the transesterification reaction of corn oil from DDGS 
 3.3.3.1. Reactions of corn oil from DDGS without any pretreatment 
Reactions of corn oil from DDGS with MeOH and EtOH without any 
pretreatment for impurities or FFA were done to see how much TG were converted to 
alkyl esters.  Using NaOH with MeOH or EtOH the conversions obtained after 60 
minutes were very small compared to the conversions obtained using pure corn oil at the 
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same reaction conditions.  With NaOCH3 the conversions obtained were 20% less than 
the ones obtained from pure corn oil.  The next table shows the conversions obtained for 
corn oil of DDGS using NaOH and NaOCH3 after 60 minutes at 60oC and 800 rpm. 
Table 10.  Conversion of corn oil from DDGS without any pretreatment 
Time (min) Alcohol 
Type of 
Catalyst  
Total Glycerides  
(% wt.)  
Conversion 
(%) 
60 Ethanol NaOH 81.88 16.4 
60 Ethanol NaOCH3 29.25 70.1 
60 Methanol NaOH 94.31 3.7 
60 Methanol NaOCH3 27.00 72.4 
 
Figure 17 shows the conversion of TG to alkyl esters as a function of time for 
corn oil from DDGS.  When NaOH was used as the catalyst the conversions were very 
small, especially with MeOH.  These conversions are low relative to pure corn oil 
because the corn oil from DDGS has approximately 11 wt. % of FFA; the FFA can cause 
a saponification reaction which is a reaction that is competing with the transesterification.  
The soap formed in this reaction consumes the catalyst.  
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Figure 17.  Conversion of corn oil from DDGS to alkyl esters using NaOH and NaOCH3 with 
MeOH or EtOH. 
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The highest conversion achieved was when EtOH was used with NaOCH3; this 
conversion was 83.6% after 100 minutes of reaction at 60oC and 800 rpm.  With MeOH 
and NaOCH3 the highest conversion was 82.2% after 80 minutes of reaction at the same 
conditions.  Reactions with MeOH are faster than reactions with EtOH at the same 
reaction conditions.  This result agreed with the literature because a previous study 
showed that when the same temperature is used, alcohols with longer chains require 
longer reaction times (4).   
 
 3.3.3.2. Reactions of corn oil from DDGS with pretreatment for impurities 
 Corn oil from DDGS was pretreated for impurities using Trysil 300 silica powder 
previously described in the section 3.3.1.2 of this Chapter.  Reactions using EtOH as the 
transesterification alcohol where done with DDGS oil previously pretreated for 
impurities.  EtOH was the only alcohol tested because this alcohol is obtained from the 
fermentation of corn in the dry milling process, and is intended to use it as a way to 
maximize the products obtained from corn.   
 
Table 11.  Reaction of pretreated corn oil from DDGS with EtOH and NaOCH3 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
20 0.10 2.73 45.67 48.50 50.5 
40 0.10 1.80 34.12 36.02 63.2 
60 0.13 2.62 26.14 28.89 70.5 
80 0.10 3.46 12.80 18.12 81.5 
100 0.10 1.84 13.61 15.55 84.1 
 
 Figure 18 shows the comparison between the conversion of corn oil from DDGS 
to ethyl esters with and without pretreatment for impurities.  The reaction conditions were 
60oC, 800 rpm and 100 minutes.  After 100 minutes of reaction the conversions were 
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very close to each other, 84.1% for the pretreated corn oil from DDGS and 83.6% for the 
corn oil without pretreatment.  Impurities, mainly proteins do not affect too much the 
conversion of DDGS oil to ethyl esters using the homogeneous catalyst.  Proteins affect 
mostly the heterogeneous catalysts, not the homogeneous catalysts. 
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Figure 18.  Conversion of corn oil from DDGS to ethyl esters using NaOCH3 with EtOH with 
and without pretreatment for impurities 
 
 3.3.3.3. Reactions of corn oil from DDGS with pretreatment for FFA 
Corn oil from DDGS was esterified using H2SO4 with MeOH or EtOH in order to 
reduce the FFA content as explained in the procedure previously described.  The 
transesterification reactions were done after the esterification step with both alcohols.  
Tables 12 and 13 show the results obtained for the transesterification reactions of corn oil 
from DDGS after been esterified with MeOH and EtOH respectively to decrease the FFA 
content. 
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Table 12.  Reactions of esterified DDGS oil with MeOH and NaOCH3 as the catalyst 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
15 0.84 0.27 20.11 21.22 78.5 
30 0.72 0.35 16.12 17.18 82.6 
45 0.71 0.21 10.95 11.88 88.0 
60 0.41 0.22 5.50 6.13 93.8 
 
Table 13.  Reactions of esterified DDGS oil with EtOH and NaOCH3 as the catalyst 
Time 
(min) 
MG 
(%wt) 
DG 
(%wt) 
TG  
(% wt) 
Total Glycerides 
(%wt) 
Conversion 
(%) 
15 0.93 0.92 23.29 25.14 74.4 
30 0.88 0.24 17.75 18.86 80.8 
45 1.39 0.27 9.29 10.94 88.8 
60 0.52 0.73 6.57 7.82 92.0 
90 0.54 0.19 4.77 5.50 94.4 
 
The highest conversion achieved for corn oil from DDGS using EtOH and NaOCH3 
was 94.4% after 90 minutes of reaction at 60oC and 800 rpm.  With the same reaction 
conditions, but using MeOH instead of EtOH the highest conversion achieved was 93.8% 
after 60 minutes of reaction.  Reactions with EtOH are slower than reactions with MeOH 
at the same reaction conditions.  The reaction time was greater when EtOH was used; 30 
minutes more were required to achieve a similar conversion when this alcohol is used.   
Figure 19 shows a comparison between the conversions of corn oil from DDGS to 
ethyl esters without pretreatment for impurities, with pretreatment for impurities and after 
the esterification process to decrease the FFA content.  The conditions were the same for 
all the reactions, 60oC, 800 rpm and the catalyst used was NaOCH3.  The results obtained 
showed that from the FFA content or impurities, the factor that affects the most the 
transesterification process is the FFA content.  After the esterification with H2SO4 the 
conversion of TG to ethyl esters increases by 10% using only 90 minutes of reaction 
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instead of 100 minutes.  The highest conversion achieved was 94.4% comparing with an 
84.1% when the DDGS oil was pretreated for impurities.  Without the FFA the only 
reaction that occurs is the transesterification reaction and not a competitive reaction like 
the saponification reaction that decreases the conversion and consumes the catalyst.   
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Figure 19.  Conversion of DDGS oil to ethyl esters with and without any pretreatment for 
impurities and after the esterification to reduce the FFA using NaOCH3 as the catalyst.  
 
Figure 20 shows a comparison between the conversions obtained for methyl and ethyl 
esters after the oil had been esterified with MeOH and EtOH respectively to decrease the 
content of FFA.  The graph shows the conversions of corn oil from DDGS to alkyl esters 
after the transesterification process with NaOCH3 used as the catalyst.  Figure 20 shows 
that the reactions are slower with EtOH, requiring more time to achieve a similar 
conversion than when MeOH was used.  The conversions of TG to methyl and ethyl 
esters were very close to each other. 
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Figure 20.  Conversion of corn oil from DDGS to methyl and ethyl esters using NaOCH3 after the 
esterification step to reduce the FFA. 
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CHAPTER 4 
TRANSESTERIFICATION OF PURE CORN OIL WITH  
HETEROGENEOUS CATALYST 
 
4.1. Introduction 
 Pure corn oil was used for the transesterification process with MeOH and EtOH as the 
alcohol reactants.  In this Chapter, Zinc Aluminate (ZnAl2O4), a heterogeneous catalyst 
was tested for the transesterification reaction of pure corn oil in a batch reactor.  ZnAl2O4 
was selected because this catalyst is commercially available for the reactions of VO.  
Mass transfer and diffusion problems were encountered for this reaction.  The complete 
reaction rates were analyzed and compared using this heterogeneous catalyst.  A 12:1 
mole ratio of alcohol to pure corn oil was used for the reactions.  High temperatures and 
high pressure were used for all the reactions.  Temperatures between 150 to 200oC were 
tested to see which one was the optimal temperature for the transesterification reactions 
with the heterogeneous catalyst.  The pressure used for all the reactions was 500 kPa. 
 
4.2. Synthesis of the heterogeneous catalyst 
ZnAl2O4 was synthesized by Denis Schütz from the University of Graez in Austria 
using the Microwave assisted hydrothermal synthesis.  He followed the procedure 
described by Zawadzki in the literature (1).   
 
4.3. Transesterification reactions with Pure Corn Oil 
4.3.1. Experimental Procedure for running reactions with pure corn oil 
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For running the transesterification reactions, pure corn oil was used with the 
heterogeneous catalyst.  Pure corn oil was weighed directly into the reactor chamber.  
The alcohol used was weighed in an Erlenmeyer flask and then added to the reactor 
chamber.  The catalyst, ZnAl2O4 was weighed on a weighing paper and then added to the 
reactor chamber.  The reactor was pressurized at 500 kPa to prevent any loss of alcohol 
by evaporation.  The heater was turned on; when the reactor temperature reached the set 
temperature the mixer speed was turned on and fixed at 800 rpm.  Once the reactor 
temperature reached the set temperature one sample was collected using DI water.  
Samples were collected every 30 minutes during 2 hours.  The top phase of the sample, 
where the alkyl esters were present was washed with water to remove any alcohol present 
in this phase as well as some GL. 
4.3.2. Analyzing the samples 
The samples were analyzed by GC using the same procedure previously described in 
Chapter 3 for the transesterification reactions with pure corn oil. 
4.3.3. Results for the transesterification reactions of pure corn oil 
ZnAl2O4 was tested to see how the conversion of pure corn oil to methyl and ethyl 
esters was.  Three different temperatures (150, 175 and 200oC) were tested to find the 
optimal reaction conditions.  Conversions using both alcohols were low for the all the 
reactions; this might be because of mass transfer limitations.  Our low conversions are 
consistent with the literature because in 1984 Peterson et al. used heterogeneous catalysts 
to study the transesterification of rapeseed oil; they found that there was very little 
formation of methyl fatty ester (2).  
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The next graph and tables show the average of three different runs at each 
temperature for the transesterification reactions of pure corn oil with ZnAl2O4. The 
results obtained are not reproducible or consistent with each other for MeOH or EtOH.  
In the case of the transesterification using EtOH as the alcohol reactant 200oC appears to 
be the best temperature. On the other hand, for MeOH is difficult to see which 
temperature is the best.  Although at 200oC the maximum conversion of approximately 
23% was achieved at 60 minutes of reaction, when the reaction was completed the 
conversion dropped by 5%.  At 175oC, 22% of conversion was achieved after 2 hours of 
reaction.   
 
Figures 21 and 22 show the results obtained for the conversions of pure corn oil to 
methyl and ethyl esters using the heterogeneous catalyst at 150, 175 and 200oC.  
Reactions appear to be going forward and backwards.  In the case of MeOH the 
maximum conversion obtained after 120 minutes was 22.7% at 150oC.  For EtOH the 
maximum conversion was 32.5% after 120 minutes at 200oC.  From these results we can 
see that reactions with EtOH require higher temperatures than reactions with MeOH.  In 
previous experiments with solid catalysts it was found that the reaction proceeds at very 
low rates (3).   
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Figure 21.  Conversion of pure corn oil to methyl esters using ZnAl2O4 at 150, 175 and 200oC 
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Figure 22.  Conversion of pure corn oil to ethyl esters using ZnAl2O4 at 150, 175 and 
200oC 
 
Tables 14 and 15 show the results obtained for the conversions of pure corn oil to methyl 
and ethyl esters after 120 minutes of reaction with ZnAl2O4 at the three different 
temperatures tested. 
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Table 14.  Conversion of pure corn oil to methyl esters using ZnAl2O4 
Temperature (oC) Total Glycerides (% wt.) Conversion (%) 
150 74.1 22.7 
175 84.6 11.8 
200 81.7 14.8 
 
Table 15.  Conversion of pure corn oil to ethyl esters using ZnAl2O4 
Temperature (oC) Total Glycerides (% wt.) Conversion (%) 
150 73.2 23.7 
175 70.4 23.1 
200 64.7 32.5 
  
There are factors that might contribute to errors in the data previously shown.  Some of 
them are: 
• evaporation of the alcohols; do to the reversibility of the reaction when one 
reactant is eliminated from the equilibrium reaction that would contribute to 
make the reaction go backwards 
• problems associated when taking the samples because sometimes only few drops 
of alkyl esters where coming out of the sampling valve 
• a significant quantity of GL in the reaction chamber; if GL remains in the 
solution it can force driving the reaction back to the reactants (4)   
• mass transfer problems could have affected the transesterification reactions 
because of the diffusion problems associated with this three phase system (3) 
• differences among the catalysts used (different batches were synthesized) 
 
 In order to avoid evaporation of the alcohols a higher reactor pressure could be used 
to help maintain the alcohol in the interface between the two liquids.  To eliminate the 
significant quantity of GL a smaller ratio of alcohol to oil could be used because if this 
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ratio is too large it interferes in the separation of the glycerin by increasing the solubility 
(4).  To overwhelm the mass transfer problems basic functional groups could be 
incorporated onto stable supports that have large surface area (5).  The functional groups 
can help with the dispersion of the active sites of the catalyst (5).  The use of a uniform 
procedure for the synthesis of the catalyst should help with the differences among the 
catalysts. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1. Conclusions 
 
The recent interest in the bioeconomy and the use of biorenewable resources has a 
very promising role in the production of biodiesel as alternative fuel.  The understanding 
of the process is very important in order to produce a high quality product that can meet 
the quality standards established by the ASTM and can be used as an alternative fuel.  By 
using previous studies and the proposed theories, some answers to questions that might 
remain unanswered are provided.  This study could contribute to a better understanding 
and methods for synthesizing biodiesel.  This research project will help explaining the 
kinetics of using EtOH instead of MeOH as the alcohol reactant in the transesterification 
process.   
 
Two different homogeneous catalysts were tested to see which one leads to the 
highest conversion.  NaOCH3 was found to be the best catalyst as stated on the literature 
(1).  The conversions obtained for pure corn oil using NaOCH3 as the catalyst were more 
than 90% for both alcohols at 60oC and 800 rpm.  NaOH also provided relatively large 
conversions in the transesterification reaction of pure corn oil with MeOH and EtOH at 
60oC and 800 rpm; in the case of corn oil from DDGS the conversions were very small 
when this catalyst was used. 
 
Mixing is a very important variable that affects the transesterification process, 
without mixing the oil and alcohol are not miscible in each other at ambient temperatures 
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and the reaction is controlled by mass transfer.  No reaction occurs if mixing is not 
present (2).  Is very important to have a good mixing because this reaction occurs at the 
interface between the oil and the alcohol (3).  Transesterification reactions were done at 
different mixer speed to see which one was the best.  The best mixer speed was found to 
be 800 rpm; with this speed the conversion of pure corn oil to ethyl esters was 
approximately 91 % after 60 minutes of reaction at 60oC.   
 
Longer chain alcohols needed longer reaction times when the same temperatures 
were used (4).  Higher temperatures at ambient pressures can be applied when long chain 
alcohols are used because the boiling point of these alcohols is larger than the boiling 
point of MeOH.   
Kinetic constants for TG are larger than reaction constants for DG, and reaction 
constants for DG are larger than reaction constants for MG.  Reactions constants for TG 
are one order of magnitude lower for EtOH than MeOH, showing that the reaction rates 
are slower when long chain alcohols are used at the same temperature than MeOH.  The 
values obtained for the activation energies of TG, DG and MG using MeOH and EtOH 
are very close to each other. 
 
 In the case of ZnAl2O4, the heterogeneous catalyst, more tests are needed in order 
to understand how the system behaves and to improve the reaction rates.  Reactions of 
pure corn oil with ZnAl2O4 showed no reproducible or consistent results.  The reaction 
was going forward and backwards.  Very low conversions were obtained compared with 
the ones obtained for the transesterification reactions when homogeneous catalysts were 
used.  These reaction rates seem to be low because of mass transfer limitations or 
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diffusion problems (5).  Problems associated with the collection of the samples might 
also be present and some evaporation of alcohol probably occurred.  The evaporation of 
the alcohol could help to drive the transesterification reaction back to the reactants.   
 
5.2. Recommendations for future research 
5.2.1. Run reactions using oil from DDGS 
To run reactions of corn oil from DDGS with EtOH and NaOCH3 after the corn oil 
had been pretreated for impurities with Trysil 300 silica powder and esterified with 
H2SO4 to decrease the content of FFA.  The purpose is to see how much TG are 
converted to ethyl esters.  
 
5.2.2. Test a heterogeneous catalyst for the transesterification reaction 
 To test a solid catalyst for the transesterification reactions of corn oil from DDGS 
with EtOH.  The challenge of using a heterogeneous catalyst is that this would form a 
three-phase-system (corn oil–EtOH-catalyst).  This three phase system has mass transfer 
(diffusion) limitations which affect the overall reaction rates.  When using heterogeneous 
catalysts high temperatures are required, usually greater than 200oC which results in high 
pressure conditions.  First, zinc aluminate (ZnAl2O4), a solid catalyst that is used for the 
transesterification of vegetable oil was tested using pure corn oil and EtOH as the alcohol 
reactant.  The results obtained where neither reproducible nor consistent with each other, 
therefore more reactions are needed in order to understand how the system behaves.  In 
order to overcome some of the difficulties associated with these reactions  
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• a higher reactor pressure could be tested to maintain the alcohol in the reaction 
solution 
• a smaller ratio of alcohol to oil (i.e. 6:1) could be used to help decrease the 
quantity of the GL formed 
• a uniform procedure for the synthesis of the catalyst can be used to reduce the 
differences among the catalysts 
 Although these results seem to be ambiguous they will be a helpful tool to promote 
further investigation.  At the end, it is expected to test the activity of a proprietary base 
catalyst obtained from United Environment & Energy, LLC in the transesterification of 
pure corn oil and corn oil from DDGS.   
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